A method has been developed for culturing detached nitrogen-fixing root nodules of lupin (Lupinus angustifolius L.) on a simple nutrient medium. Under the best conditions devised, the acetylene reduction activity of mature detached nodules was maintained at 10 to 25 nmoles of ethylene hr-1 mg-' fresh weight for 3 days. Under A recent report showed that at least one plant tissue, the immature pea cotyledon, can maintain a near normal developmental sequence for several days when excised and cultured in a nutrient medium (17). Since detached soybean root nodules can maintain a linear rate of acetylene reduction for several hr (26), it occurred to us that detached nodules supplied with a nutrient medium might be able to continue normal development and provide a useful third system for studying critical stages in nodule differentiation.
The nitrogen-fixing root nodule association between bacteria of the genus Rhizobium and leguminous plants is recognized as one of the most interesting and economically important examples of symbiosis between prokaryotic and eukaryotic organisms (1, 5) , but the control mechanisms governing the synthesis of nodule components by plant genes and bacterial genes are still poorly defined. Before the methods of molecular biology can be applied to this problem, a more manageable system than the intact nodulated plant is needed.
One approach to a simplified system, developed some years ago by Raggio et al. (23, 24) is to induce nodule development on cultured, excised roots. This technique allows control to be exercised over substances normally contributed to the symbiosis by the plant shoot; however, factors extrinsic to the nodule, such as root hair development, still have an important influence (23) , and the requirements for darkness and careful sterile technique (23) are inconvenient for many experimental purposes.
Another quite different approach has been to establish nitrogen-fixing associations between Rhizobium and plant tissue cultures in vitro (4, 8, 21) . Although such associations have already provided a valuable insight into the control of Rhizobiwn nitrogenase synthesis (3, 25) , they are not fully satisfactory for studying the natural symbiosis: first, because it appears that during in vitro associations most of the Rhizobium bacteria remain outside the plant cells rather than developing into intracellular bacteroids (3, and D.A. Phillips, personal communication; see ref. 8 for a possible exception); and second, because the recent demonstrations of acetylene reduction activity in free-living Rhizobium suggest that the plant cells may make little contribution to the development of acetylene reduction activity in vitro (A. H. Gibson, personal 
communication).
A recent report showed that at least one plant tissue, the immature pea cotyledon, can maintain a near normal developmental sequence for several days when excised and cultured in a nutrient medium (17) . Since detached soybean root nodules can maintain a linear rate of acetylene reduction for several hr (26) , it occurred to us that detached nodules supplied with a nutrient medium might be able to continue normal development and provide a useful third system for studying critical stages in nodule differentiation.
MATERIALS AND METHODS
The slow growing, nonacid-producing Rhizobium strain NZP 2257, from the collection of Mr. R. M. Greenwood, Applied Biochemistry Division, D.S.I.R., was grown at 25 C on a medium containing 0.5 g of Difco yeast extract, 0.5 g of KH2PO4, 0.2 g of MgSO4 .7 H20, 0.1 g of NaCl, and 10 g of agar/l, adjusted to pH 6.8 with KOH.
Seeds of L. angustifolius L. cv. Bitter Blue were sterilized with a 1:1 (v/v) mixture of 95% ethyl alcohol and 30% (w/w) H202, were germinated at 20 C in 0.5% agar, and were planted in stainless steel troughs of sterile pumice. Each seed was inoculated with an aliquot from a fresh slope culture of Rhizobium suspended in distilled H20. The troughs were placed in a controlled-environment cabinet set at a temperature regime of 25 C day, 20 C night, with a day length of 12 hr, and a light intensity over the 400 to 700 mm range of 130 w m-2. The troughs were watered with a nitrogen-free plant nutrient solution. No attempt was made to maintain sterility in the troughs after inoculation.
Plants were prized out for harvesting after the pumice had been loosened with a spatula. Pumice granules adhering to the roots were removed under running water with a brush. The roots were then rinsed three times with distilled H20, drained, and the nodules were excised with forceps.
For culture experiments, freshly excised nodules were placed with their broken surfaces down on a medium containing 0.7% (w/v) agar, 6% (w/v) sucrose, 20 ug/ml of D-threo-chloramphenicol, 5 mm potassium acetate, and 5 mm MES, adjusted to pH 5.5 with KOH. The cultures were maintained at 20 C.
Acetylene reduction assays for nitrogenase activity (6) were performed at 25 C using 30 to 150 mg (fresh weight) samples of nodule tissue in 16-ml glass vials fitted with rubber serum caps. Each vial contained 90% air and 10% acetylene (v/v). Gas samples (0.3 ml) were withdrawn at intervals up to 1 hr and assayed for ethylene and acetylene using a Perkin-Elmer gas chromatograph, fitted with a 20 X 0.15 cm column of Poropak T maintained at 75 C. The sensitivity of these assays was approximately 0.01 nmole of ethylene hr-' mg-' fresh weight. Lupin nodules incubated in air alone produced less than 0.0003 nmole of ethylene hr-' mg-' fresh weight.
Individual nodules had widely different acetylene reduction activities at all times after inoculation, so all assays were carried out on at least two samples of 15 or more nodules. Every data point presented in Figures 2 to 7 represents the average of either two or three samples.
For culture experiments, nodules were sorted into groups with 665 a similar balance of sizes and appearances immediately after detachment. Different groups of nodules were assayed for each time point.
Antibiotic solutions were either freshly prepared (penicillin, carbenocillin, nystatin, streptomycin sulfate) or else stored as concentrated aqueous solutions at -20 C (chloramphenicol, gentamicin, rifampicin). The penicillin suspension used was a mixture of benethamine penicillin G, procaine benzylpenicillin, and sodium benzylpenicillin obtained from Glaxo Laboratories.
RESULTS
The course of development of acetylene reduction activity in nodulated lupins is shown in Figure 1 . Nodules were first visible as swellings on the top 3 cm of the roots on the 8th day after inoculation. By day 9 the average nodule fresh weight reached about 1 mg, but no acetylene reduction activity could be detected. Over the next 5 days the average nodule fresh weight increased 4-fold, while the average acetylene reduction activity per milligram increased by more than three orders of magnitude.
Activity of Detached Nodules. Sprent (26) reported that excised soybean nodules, assayed at low ratios of nodule weight to flask volume, maintained a linear rate of acetylene reduction for up to 8 hr. The rapid decline in acetylene reduction activity with time reported by other workers (10, 16) was attributed by Sprent to the use of high ratios of nodule weight to flask volume. We observed that with lupin nodules the acetylene reduction activity declined from the outset even though we worked with low nodule weights and took care to minimize water loss and consequent loss of acetylene reduction activity attributable to water stress (27) . The decline was consistently more rapid for nodules sealed in air than for nodules sealed in 90% air, 10% acetylene ( Fig. 2a) , but the activity always decayed to less than 0.01 nmole hr-' mg-' fresh weight within 24 hr.
Effect of Aeration. Initial experiments with whole nodules incubated in sucrose solutions showed that acetylene reduction activity fell to less than 0.5 nmole hr-' mg-' fresh weight within 4 hr (results not shown). This phenomenon was described as "waterlogging" by Sprent (26) who found that it could be reversed by shaking nodules under high partial pressures of 02-
We found that when waterlogged nodules were sliced, their acetylene reduction activity increased 5-to 10-fold (results not shown), and that nodule slices in well-aerated liquid media did not lose their activity as rapidly as whole nodules (Fig. 2b) . These results suggested that the effect of waterlogging was to prevent gaseous diffusion through the nodule cortex to the central zone of cells containing nitrogenase.
In an attempt to improve nodule aeration without using higherthan-atmospheric concentrations of 02, we placed whole nodules on the surface of a nutrient medium solidified with 0.7c% (w/v) agar. This gave a marked improvement in the maintenance of acetylene reduction activity (Fig. 2b) . Although a 2-to 3-fold decline still occurred during the first 5 to 10 hr, the acetylene reduction activity of the nodules recovered between 15 and 25 hr and sometimes exceeded the level measured immediately after excision.
When whole nodules from liquid medium were plotted dry and transferred onto a solid medium, they did not recover any of their lost acetylene reduction activity even after 24 hr.
Effect of Sucrose Concentration. When whole nodules were incubated on solid media containing different concentrations of sucrose, a marked effect was seen on the maintenance of acetylene reduction activity (Fig. 3) . The response to increasing sucrose was nearly linear up to 6%7, concentrations, but in most experiments the response reached a plateau between 6% and 10%,, while at higher sucrose concentrations acetylene reduction activity declined. This decline may have been caused by an osmotic effect, because it occurred at lower sucrose concentrations when mannitol was added to the media (Fig. 3b ). Sprent has described a similar decline in acetylene reduction activity in experiments with soybean nodules exposed to high mannitol concentrations, and has interpreted the decline as a nodule response to water stress (28) .
The decline in acetylene reduction activity of nodules cultured on nonoptimal sucrose concentrations was only partly reversed by subsequent incubation on 6% sucrose (Fig. 4) . Do, Effect of pH. When nodule slices were incubated in unbuffered liquid media (18, 29) overnight, the pH of the medium dropped to less than 4 and there was a concomitant rapid decline in acetylene reduction activity. This decline was prevented by buffer-15 17 19 Time After Inoculation (Days) FIG. 1. The acetylene reduction activity of freshly detached lupin nodules as a function of time after inoculation. All samples were mixtures of nodules taken from several plants. An acetylene reduction activity of 0.01 nmole hri mg-' fresh weight, equal to the sensitivity of our assay, was assigned to those nodule samples that gave no detected ethylene production. The line connects the average activities. ing the medium at pH values between 5 and 8. Whole nodules incubated on solid media were also sensitive to pH, but the response was not rapid. During the first 24 hr in culture, only slight inactivation was observed at pH values down to 4 (Fig. 5) . After two days a greater effect was seen, with an optimum at pH 5.5. The shape of this curve may have been influenced by bacterial contamination, which developed more rapidly at high pH than at low pH. However, the same optimum value was obtained when chloramphenicol was present in the media (Fig. 5d) .
Microbial Contamination. The nodules used for these experiments were associated with a considerable population of freeliving non-Rhizobium bacteria: when homogenates of freshly detached nodules were plated out on nutrient media the level of contamination was 1.9 to 7.7 x 10 colony-forming bacteria/mg fresh weight (four experiments). A dissection experiment showed that at least 96% of these colony-forming contaminants were located on or in the nodule cortex. The contaminants flourished on the nutrient media used for nodule culture, reaching 2 to 6.9 X 104/mg within 20 hr (four experiments) and presenting a major obstacle to prolonged maintenance of acetylene reduction activity.
Attempts at surface sterilization of nodulated roots with 2% (w/v) cetrimonium bromide and with 3% (w/v) sodium hypochlorite did not reduce the level of colony-forming contaminants in the nodule tissue by more than 50%. Treatment of nodulated roots with a 1:1 (v/v) mixture of ethyl alcohol and H202 reduced the number of colony-forming contaminants to 24/mg (one experiment) but also completely inactivated the nodules. Treatment for 5 min with 0.2% (w/v) mercuric chloride reduced the level of contamination to 25 to 51 colonies/mg (three experiments) but the acetylene reduction activity of the nodules was reduced by 50 to 80%. Although such nodules retained their (18) . A sensitivity to salt was anticipated from the results of Sprent with whole nodules (28) . When more dilute salt mixtures (White's salts [29] at normal or 0.1 dilution, with or without nitrate) were added to whole nodule culture medium, there was no effect on the maintenance of acetylene reduction activity (results not shown).
Other experiments failed to demonstrate any advantage from the separate or combined addition of White's salts (29) (20) . The It should be noted that the nutrient medium we used for most experiments was less complex than normal plant tissue culture media (18, 29) . Root nodule tissue is able to fix atmospheric N2 and is probably autonomous for the production of both auxin (9) and cytokinin (22) . Nevertheless it is possible that the low growth rate of detached nodules may have been caused by a deficiency in some nutrient or growth factor such as the ethyl alcohol-soluble factor reported to interact with cytokinin to stimulate cell proliferation in pea root cortex explants (13).
DISCUSSION
Our experiments have shown that detached lupin nodules can maintain an acetylene reduction activity of more than 10 nmole hr-1 mg-' fresh weight for 3 days when cultured on a simple nutrient medium. The culture parameters that proved most important in achieving this result were aeration, sucrose concentration, and pH.
The sensitivity of detached nodules to aeration mimics the behavior of intact nodulated plants. It is well known that nodulated lupins prefer well-drained soils and resent waterlogging. It has been shown that a low 02 tension in the root region can retard nodule development in other legume species (2, 15) . Similarly, the response of detached nodules to sucrose mimics the response of nodules in situ to the supply of photosynthate from the plant leaves (7, 11, 12, 14, 16) . The concentration of sucrose in the phloem sap of L. angustifolius can be as high as 17 % (w/v) (19) , and this sucrose is presumably transported into the nodules down a concentration gradient. A sucrose concentration of 6% (w/v) for detached nodules in culture may therefore be in reasonable accord with the sucrose concentration supplied to nodules in situ.
The main problem encountered in culturing detached nodules for periods of more than 3 days was bacterial contamination. Surface sterilization procedures were either ineffective or harmful, while the use of antibiotics to restrain bacterial growth was only partly successful. Although it should be possible to eliminate non-Rhizobium contaminants by growing inoculated plants under sterile conditions, contamination of the nodules with free-living Rhizobium is unavoidable. Antibiotics that harm Rhizobium can- Plant Physiol. Vol. 56, 1975 not be used in culture because they may inhibit normal nodule development.
In spite of this unsolved problem, our results suggest that nodules detached at appropriate stages in development retain between 10 and 40% of the capacity to increase their acetylene reduction activity possessed by nodules in situ (Fig. 6) . Detached nodules should therefore provide a useful new system for studying nodule differentiation and the control of nitrogenase biosynthesis.
